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Abstract 
Terahertz Transmission Line Design for High Resolution Responses of GaAs/AlGaAs 
Core/Shell Nanowires 
Kevin A. Distelhurst 
 
 
 
 
 Faster circuits require not only research in next generation devices but careful 
consideration of signal interconnects. As the frequency component of a signal increases, 
the wavelength decreases allowing subtle interconnect discontinuities to begin 
attributing to degradation through reflection, attenuation and dispersion. Furthermore, 
certain interconnect structures are inherently poor at handling signals at higher 
frequencies.  Many charge carrier dynamics within devices can occur on less than 
picosecond time scales. Observing signals from test setups that measure these dynamics 
require bandwidths reaching the terahertz frequency domain. Interconnects can alter the 
observed characteristics of these devices, characterization of the device and interconnect 
is vital in understanding their use in integrated circuits.  
 GaAs/AlGaAs core/shell nanowire based devices are one type of next generation 
electronics that show promise for use in a high frequency regime. To observe and 
understand this behavior, THz interconnects are necessary. These nanowires have 
potential as high-speed optical devices in applications such as optical interconnects and 
photonic detectors. A deeper understanding of the nanowire device physics is needed 
for further study of high-speed optical applications. To achieve this, the majority of the 
work in this thesis deals with designing and fabricating transmission lines that support 
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signals from tens to hundreds of gigahertz. The transmission lines can therefore support 
signals related to the carrier dynamics of the nanowires.  
 Several different techniques exist for measuring the carrier dynamics that occur 
in the picosecond time-frame. Electro-optic sampling and THz spectroscopy are 
discussed and existing work is used as a foundation for the design of the required 
transmission line/nanowire system needed for high-speed interrogation. The creation of 
this system faces many obstacles in the fabrication process some of which have been 
overcome in this thesis and others which require further study devoted solely to 
fabrication techniques. In general, the difficulties are in fabricating interconnects that 
interface a nanoscale device such as nanowires to the macroscopic world while 
maintaining minimal degradation of the propagating characterizing signal. As a 
preliminary study for future high-speed work, a network analyzer is used to 
characterize the transmission line and nanowire. The hope is to design a transmission 
line that has little negative effect on the signals it propagates and to witness nanowire 
dependencies in the network analyzer data. 
 The design of this system is verified using calculation, simulation and 
measurements.  Results from measuring these test structures show promise for further 
study using higher speed and finer resolution techniques.  A better understanding of the 
carrier dynamics of these devices and potentially others will aid in the attempt to 
uncover the physics behind recently discovered behaviors.
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CHAPTER 1: INTRODUCTION 
 As the demand for fast electronics continue to increase, next generation 
components are needed to break the barrier to new records in speed. GaAs/AlGaAs 
core/shell nanowires hold promise as a next generation high-speed optical to electrical 
transducer; group III-V nanowire devices have already shown potential as high-
performance optical detectors [1]. High-speed devices such as the GaAs/AlGaAs 
core/shell nanowire offer higher speeds for components such as photoswitches, high-
speed transistors, photodetectors and solar cells [2], [3]. However, before nanowires are 
commercialized in these applications, a better understanding of their high-speed 
behavior is needed. Specifically, more research of charge carrier dynamics must be done 
as they often dictate the high-speed limit of these devices. Little research of charge 
carrier dynamics in GaAs based core/shell nanowire devices has been performed, this 
thesis focuses on this material system. The high-speed study of these devices may allow 
deeper understanding of behaviors such as negative differential resistance [4].  
 The focus of this work is the study of the nanowire electrical response after an 
optical excitation. When a pulse of light is incident upon a nanowire (excitation), charge 
carriers are formed and undergo many different types of transport and recombination 
mechanics. After an excitation, charge carriers may reach the electrodes of the nanowire 
and if they are collected, generate an electric signal. The electrical temporal response that 
forms at the electrodes of the nanowire provides insight into the behaviors of charge 
carriers inside the nanowire (see Chapter 4) and provides more insight into the 
usefulness of nanowire devices in high-speed optical applications.  However, obstacles 
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to performing this measurement on nanowires are often numerous and substantial. The 
dynamics of interest occur on the picosecond time scale. If a Gaussian photoresponse is 
assumed, the bandwidth for a subpicosecond rise or fall time (τ) is, at least,       
    
 
         [5].  This means conventional electronic instruments are unable to 
measure signals at these picosecond time-scales. Figure 1 is an example of a 
photoresponse of a core/shell nanowire subject to the limitations of the measuring 
oscilloscope and signal lines. The observed pulse width from the nanowire 
photoresponse is limited by the response time of the oscilloscope and accompanying 
probes. Accurate high-speed results reflecting such things as carrier lifetimes are not 
obtained. The response behavior of the nanowire is masked by the slower response time 
of the oscilloscope. 
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Figure 1: A picosecond time photoresponse of GaAs/AlGaAs core/shell nanowire and 
GaAs bare nanowire setup after a 100fs pulse of incident illumination and 10 V 
applied bias. The dashed line is a best fit approximation for the GaAs bare nanowire. 
Reprinted with permission from E. M. Gallo, G. Chen, M. Currie, T. McGuckin, P. 
Prete, N. Lovergine, B. Nabet and J. E. Spanier, "Picosecond response times in 
GaAs/AlGaAs core/shell nanowire-based photodectectors," Applied Physics Letters, 
vol. 98, 2011. Copyright 2012, American Institute of Physics 
 
 Test setups that use electro-optic sampling (EOS) or terahertz time-domain 
spectroscopy (THz TDS), however, are able to measure subpicosecond photoresponses 
(discussed further in Chapter 4). Contacting of nanowires to metallic signal lines is not 
needed in THz TDS. This circumvents the difficult design of the metallic signal lines for 
terahertz applications but leaves out an important aspect. Without the semiconductor-
metal interface, THz TDS is measuring the high-speed properties of a material, not of a 
device. Thus, while it may provide insight into carrier mobilities, a full characterization 
of the device speed must include contacts and other aspects as each can contribute to the 
resulting time response of an overall device. The EOS setup already uses signal lines as 
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antennas so that the signal can be sampled. EOS is an ideal candidate for measuring a 
practical device. 
 Careful design of the signal lines is needed because of the high bandwidth, 
picosecond photoresponse propagating from the device. Transmission line theory takes 
into consideration the properties of the signal and propagating medium. Propagating 
signals and transmission lines are discussed in Chapter 2 which considers the THz 
regime affects a signal on a transmission line experiences. 
 The theories presented in Chapter 2 will then be used to design transmission 
lines for high-speed test structures in Chapter 3. To demonstrate that these designs will 
allow high-speed testing of GaAs/AlGaAs core/shell nanowire devices, preliminary 
studies with a network analyzer are presented. The results using a network analyzer 
provide a foundation for moving forward to the high-speed test setups discussed in 
Chapter 4.  Chapter 5 provides the data from the network analyzer on the transmission 
line and transmission line/nanowire system. It demonstrates that different signals due to 
dark/light conditions and a range of biases are not disrupted by the transmission line. 
The work validates the use of the designed transmission lines for high-speed testing 
setups enabling future testing of high-speed GaAs/AlGaAs core/shell nanowire devices. 
Further work will allow study of behaviors like those discussed in Chapter 4. 
Comparison to studies on other nanowire devices including bare GaAs nanowires will 
come to fruition and solidify the benefits the device may have over others. The work 
presented is a continuation to the measurements performed in [1] demonstrating a 
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picosecond to subpicosecond photoresponse in Schottky contacted GaAs/AlGaAs 
core/shell nanowires. The work started here provides a route to further understanding 
the time response of these devices and could result in utilizing them in next generation 
components for GHz-THz circuits.  
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CHAPTER 2: TERAHERTZ TRANSMISSION LINES 
  Radio frequency technology is an important field for applications such as radar 
and communication systems. In this field, careful consideration of material properties 
and geometry become important due to the wave like nature of the propagating signals. 
Waves can reflect, disperse, couple and attenuate the signal altering it beyond 
recognition. An example of these adverse effects is demonstrated in Figure 2. As the 
frequency increases, the wavelength decreases further. As the wavelength approaches 
the size scale of the physical system, the geometry begins to play a more important role. 
At some point, the signal is no longer characterized only as a radio or microwave signal 
but also as an optical signal which means materials begin propagating the signal 
differently. In a wideband application, the wide range of frequency components can 
experience very different impedances. The picosecond behaviors in the nanowire create 
photoresponses with frequency components from gigahertz to the terahertz regime.  
 Figure 2 is an example of a picosecond electrical pulse propagating along a 
medium. The original source signal is shown at 0 mm. At a distance of 0.5 mm from the 
source, the signal has already lost about a quarter of its amplitude. Furthermore, 
artifacts appear at the tail of the signal and the pulse width begins to expand. These 
affects are amplified as the signal continues to travel. By 1 mm, the signal no longer 
represents the source signal accurately; the pulse width has doubled and a tail of several 
picoseconds with noticeable valleys has formed. At 5 mm, the amplitude of the signal is 
a third of the original, the pulse width has more than tripled and the tail begins 
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appearing as a dominant effect. If this response were from a device, the behaviors 
embedded in the response could no longer be extracted accurately. For example, if the 
long tail was considered a device mechanic, one could incorrectly conclude that charge 
exist for several picoseconds after the initial excitation. Thus, an understanding of 
propagating waves in the terahertz domain is required so that signal degradation as 
seen in Figure 2 does not occur and a true signal can be measured to provide accurate 
results. One can also see how the results shown in Figure 1 can be attributed to signal 
degradation along the contacts and within the measurement device, thereby masking 
the true time response of the device under test. 
 
 
Figure 2: Time-domain picosecond pulse at different propagation lengths along a transmission 
line subject to degradation seen at high frequencies [6] © 1991 IEEE 
 
 The terahertz regime begins above the microwave band ending at 300 GHz and 
extends to the optical band [7]. At these frequencies, wavelengths in free space are less 
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than 1 mm and much smaller in typical RF printed circuit board (PCB) substrate 
mediums. Hence, the term “submillimeter wave” can be used in applications in this 
frequency range.  Deeper analysis of a signal is required as the wavelength becomes 
smaller than the physical dimensions of the waveguide. As a general guideline, one 
should consider the signal as a propagating wave if a waveguide has dimensions 1/10 
the size of the signal wavelength.  For instance, a 300 GHz wave traveling through a 
waveguide with relative permittivity (εr) equal to 10 will have a wavelength around   
              . Thus, dimensions larger than 30 μm will begin affecting how the 
signal propagates along the geometry as shown in Figure 2. All the properties of a 
propagating wave depend on the dimensions of the medium that holds the signal (see 
following equations). 
 To prevent the dimensions from adversely affecting the signal, transmission lines 
must be used. These are designed considering the wave nature of the signal. Coplanar 
waveguides (CPW) and coplanar striplines (CPS) are the most useful in wideband, THz 
applications. In fact, many high-speed testing studies use these transmission lines [2], 
[6], [8], [9], [10], [11], [12], [13], [14].  Despite being designed for propagating waves, 
many important considerations still must be taken into account to prevent signal 
degradation along these transmission lines. Figure 2 illustrates that a signal propagating 
on a CPS transmission line can still be degraded significantly over a short distance. As 
will be discussed later in this chapter, several important parameters must be considered 
in the design process to maintain signal integrity during high-speed collection.  
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 The coplanar structures, CPS and CPW, are concentrated on in this work for 
several reasons. In general, coplanar lines are used due to their physical makeup. All the 
conductors are on the same plane, easy shunt and series mounting is possible leading to 
no wraparounds or via holes which may introduce parasitics [15]. In general, coplanar 
structures have better propagating behaviors for high frequency applications [16]. As the 
properties of these structures are studied further, other benefits also become clear. 
 
 
 
Figure 3: a) CPS and b) CPW cross-section geometry. The length of the metallic conductors and 
substrate is perpendicular to the page. The filled rectangles are the conductors. 
 
 A cross-section of the coplanar structures is shown in Figure 3. The metallic 
conductors sit on a substrate with their remaining sides exposed, in this work, to air. 
Thus, the coplanar structures are considered heterogeneous which gives rise to special 
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considerations in the design such as effective permittivity. An exposed, upper surface 
allows the electric field from the conductors to couple to measuring equipment such as 
an EOS crystal (see Chapter 4). Three conductors are used in the CPW setup while two 
conductors are used in the CPS setup. The two outer conductors of the CPW are the 
ground planes while of the two conductors in the CPS is a ground plane.  
2.1 DESIGN CONSIDERATIONS 
 Several different coplanar transmission lines have been designed throughout this 
work as discussed in Chapter 3. In general, some structures are designed for high 
frequency test setups such as EOS while others have reduced design criteria for lower 
frequency measurement setups such as a network analyzer. Despite these differences, all 
the transmission lines designed for contacting the GaAs/AlGaAs core/shell nanowires 
use a sapphire substrate. A sapphire substrate is used to reduce parasitic capacitance [1]. 
Without a low parasitic capacitance, the overall capacitance, C, of the coplanar structure 
could be large enough to create a resistor-capacitor (RC) time constant larger than the 
time constant of the photoresponse. The resulting time-domain measurements would 
show the response of the RC circuit created by the structure instead of the 
photoresponse from the device. In a previous work on GaAs/AlGaAs core/shell devices 
with no consideration to transmission lines, a 20 fF two-terminal capacitance was 
measured [1]. The small resistance of the conductors in conjunction with the small 
capacitance means the RC time-constant is not negligible. The nanowires typically 
provide pA to nA of photocurrent at 10 V of bias, translating roughly to GΩ impedances 
at high frequencies, even fF’s can create similar impedance values. 
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 The signal is considered a propagating wave in all structures. This propagating 
behavior means that the wave requires a finite time for it to reach a location along a 
waveguide. Reflections exist when there are mismatches of impedance due to a change 
of transmission line structure or dimension. Structures used to terminate the lines and 
prevent little reflections are difficult to design for wideband signals. Thus, for the high 
frequency test setups, long lengths (d) of transmission line are needed so that the 
reflected signal at the ends will not reach the source of the wave for a window of time. 
This is not needed for the lower frequency (low bandwidth) test setups; the ends are 
terminated resulting in little reflections. In this work, a 1cm transmission line was 
designed high frequency test structures. For waves traveling at the speed of light, the 
round trip time for the reflection to appear at the source located midway is 
   
  
 
 
      
        
        
The window of observation in which no reflections are visible at the source is 
approximately 33ps. This is a worst case estimate; waves in materials are traveling an 
order of magnitude or less than the speed of light.  
2.2 PROPAGATING WAVE PROPERTIES 
 Dispersion, attenuation, and impedance are the general parameters that must be 
considered when designing high frequency coplanar structures. For a large bandwidth 
signal, these parameters are frequency dependent. Dispersion is when different 
frequency components of a signal propagate at different speeds. After a significant 
distance, the resulting temporal signal can appear much different than the source signal. 
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If all the frequency components arrive at the same time, then no dispersion has taken 
place. The temporal signal also can be altered by attenuation because it reduces the 
amplitude of different frequency components. Attenuation is a form of loss in which 
parts of the signal are leaked from the propagating medium so that they do not appear 
at the output. Impedance is the ratio of the electric field strength to the magnetic field 
strength of a signal. In setups that use equipment such as a network analyzer, this value 
becomes important. The impedance of the entire system must be 50 Ω to reduce 
reflections. If frequency independent behavior is not kept in the design of these 
structures, the signals degrade as they propagate. Accurate measurement of a high-
speed nanowire detector’s photoresponse requires a signal that has not lost a significant 
amount of information due to the transmission lines.  
 Three important parameters of transmission lines were studied using the 
empirically derived equations for attenuation, dispersion and impedance. A simplified 
wave equation that describes the voltage of a propagating wave along a waveguide 
follows. 
                                  
(1) 
The variables α and β are the attenuation and phase propagation, respectively. 
Dispersion relates to phase propagation such that a non-uniform variable causes 
dispersion. Likewise, a non-uniform, non-zero attenuation causes degradation of the 
signal. The voltage, V, is a function of the distance of the signal from the source the, z, 
and the frequency of the signal. Overall, dispersion and attenuation should be 
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minimized by removing the frequency dependence of these components and obtaining 
measurements at small distances. 
 The process of deriving equations for β(f), α(f), and impedance, Z0 for low 
frequency applications involves simplification using the quasi-static assumptions. Some 
of the assumptions include using magnetic walls at interfaces and ignoring the interface 
at the dielectric surface [16]. In the terahertz domain, the quasi-static approximations in 
simplified models of CPS and CPW breaks down and a full-wave analysis is needed 
instead [6]. A full-wave analysis can be used in designing the coplanar structures; 
however, the process is too complex and time consuming so a more empirical analysis is 
typically used instead [6], [9], [11], [16], [17]. EOS setups were used to obtain data over a 
range of variables. Subsequently, the data fit and the resulting equations provide 
synthesis, dispersion, and attenuation equations [6].  
 The frequency dependent dispersion and attenuation are grouped into the 
complex propagation constant, γ such that 
                      
  
   
   [9] 
(2) 
The variables R, L, G, and C relate to the equivalent resistance, inductance, conductance 
and capacitance of the transmission line.  One form of derivation solves for each of the 
four components of the transmission line.   
 Capacitance arises due to the electric field component of the signal interacting 
with the interface between the conductors and substrate. The permittivity, as discussed 
14 
 
 
 
in the next section also plays a role in the capacitance and brings about the frequency 
dependence.  
            
     
    
  
Dimensions of the conductors play a role in the capacitance via the elliptical integrals, 
K(k) and K(k’). The value k in the elliptical integrals is defined below. 
  
 
    
 
          
Inductance arises from the magnetic field component of the signal. The dependence of 
inductance is the same as the capacitance except that the permeability is considered. In 
this case, the material is non-magnetic giving a relative permeability of unity. 
Dimensions still affect the inductance of the transmission line [9].  
     
     
    
  
 Conductance is the current that leaks through the substrate to the ground plane. 
In this derivation, it is ignored. Resistance is related to the attenuation encountered in 
the transmission line. The resistance in this case only considers the dimensions of the 
line and the properties of the metal. 
      
Resistance is dependent on the geometry factor of the conductors, g as discussed in [9]. 
The surface impedance of the metal line is  
    
    
  
coth 
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where   metal skin depth t  metal thickness and    conductivity. This relation 
does not consider the radiative behavior as discussed next [9].  
 This quick derivation provides a basic understanding of where the reactive 
components of the transmission line originate from and the dependencies they have.  
The resistance term should be reduced as much as possible to reduce the propagation 
constant while capacitance should become less frequency dependent to keep the 
propagation constant more uniform and linear with frequency. A deeper discussion and 
derivation of dispersion and attenuation is presented and used for better design.  
2.3 DISPERSION 
 Several mechanisms contribute to the dispersion of a signal. Naturally, there is 
high dispersion at 100s of GHz because the wavelength is decreasing and thus subject to 
an increased number of discontinuities. Three types of dispersion are dielectric, metal 
and waveguide. Dispersion due to the dielectric and metal lines are neglected because 
the waveguide dispersion is an order of magnitude stronger [17].  Phase propagation is 
modeled from empirical data and simulations.  
       
 
 
             
    
(3) 
As shown, the main component is the effective permittivity,       , with the frequency, f, 
speed of light, c, and   terms the ideal portion that make up the phase propagation. 
Effective permittivity is also derived similarly [17]. 
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(4) 
      
    
 
 
(5) 
A figure of measured and computed effective permittivity is reproduced from [6] below 
as Figure 4. The data illustrates the degree of change the effective permittivity 
experiences over a large range of frequencies above 100 GHz. An interesting behavior is 
the effective permittivity rises from the quasi-static permittivity to the relative 
permittivity of the substrate which in this case is sapphire. This may hint that the wave 
is propagating more in the substrate than in the overall heterostructure as the frequency 
increases. 
 
 
Figure 4: Measure and computer effective permittivity of CPS on sapphire using geometry 
giving a=193 and fTE=57GHz [6] © 1991 IEEE 
17 
 
 
 
 Dimensions play a large role in the frequency dependence of effective 
permittivity as shown in the variable ‘a’ and TE mode cutoff frequency ‘fTE’. If these two 
variables could be designed so that the denominator of the term on the right of the equal 
sign approaches one, then the effective permittivity would be the constant relative 
permittivity. The value of εq is from the quasi-static analysis and matches well with 
experimental data above 200GHz which means there might be some deviation at lower 
frequencies. The two aforementioned variables are numerically solved using the 
following equations derived semi-empirically [6]. 
ln     ln 
 
 
     
                    
                    
     
 
 
  
      
    
 
       
 
(6) 
As shown, the variable ‘a’ is dependent on the gap width, S, metal width, W, and 
substrate thickness, d. The variable ‘b’ is more of a constant used for fitting the data 
because it is independent of geometry. A benefit of coplanar structures is that fewer 
modes exist during signal propagation.  The first cutoff frequency, fTE, for the TE mode is 
only dependent on the thickness of the substrate. Frequency components above this 
cutoff frequency will begin to propagate as a TE mode or transverse electric mode which 
has different, adverse propagating attributes. As the frequency increases more, other 
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modes may start appearing.  Ideally, only the transverse electromagnetic (TEM) mode, 
which exists at all frequencies, should be propagating because it naturally has no 
dispersion. Thus, increasing the thickness of the substrate raises the cutoff frequency 
above the desired bandwidth. However, the effective permittivity also depends on the 
thickness. When the thickness increases, the cutoff frequency increases but ‘a’ also 
increases creating a stronger frequency dependence. A balanced between these two 
parameters is needed. An important note: the semi-empirical data is valid for a range of 
values [16]. 
    
 
 
    
    
 
 
   
          
  
 
   
     
These equations are also valid for CPW transmission lines which is also designed in this 
work [17].  
 The benefit of these equations is that their semi-empirical nature means that no 
quasi-static assumptions are made. A down side is that the data smoothes-out peaks due 
to modes including the TE mode described above. These peaks occur when a mode in 
the substrate couples with the mode in the transmission line. A full-wave analysis 
reproduced below demonstrates this behavior [17]. 
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Figure 5: Dispersion curve for dominant CPS mode and surface wave modes with peaks due to 
mode coupling in arbitrary substrate and CPS transmission line [17] © 1990 IEEE 
 
2.4 ATTENUATION 
 Attenuation is the summation of three major loss mechanisms: dielectric ohmic 
and radiation/surface wave [16]. Of these, radiative losses are dominant above 200 GHz 
for transmission line dimensions of a few microns [6]. Part of the frequency dependence 
of radiative loss is due to the effective permittivity instead of quasi-static permittivity 
that breaks down at THz frequencies. An analytical approach is used to find the 
attenuation for radiative losses in a CPS setup [6], [17]. 
      
 
    
 
 
       
  
   
       
  
 
 
         
 
 
           
             
(7) 
Analysis of these equations shows they are valid for the following range. 
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Once again, making the effective permittivity uniform reduces the frequency 
dependence of attenuation.  This equation has been verified using full-wave analysis 
and data has shown that this loss mechanism is several orders of magnitude stronger 
than the other two loss mechanisms [17]. 
2.5 IMPEDANCE 
 The ratio of electric and magnetic field propagating along transmission line is 
called impedance. Larger impedance means that a larger/stronger electric field is 
present. A general rule of thumb is that higher impedance has less dispersion and 
attenuation but less power handling capabilities. This makes sense because impedance is 
dependent on dimensions just like the dispersion and attenuation. Like these two 
components, impedance depends on the effective permittivity and therefore on 
frequency. Certain test setups ignore the impedance because only the transmission line 
is involved and no external setups are connected. In setups that require direct 
connection with the transmission line, choosing the impedance carefully becomes an 
important design parameter. If the impedance of the transmission line does not match 
the external connections such as a network analyzer, reflections appear at the interfaces. 
The resulting signal amplitude at the output is then reduced and the reflections could 
overlay to create extraneous parts of the signal. 
 Test setups such as a network analyzer are limited to only a few tens of GHz. At 
these frequencies, quasi-static approximations are useable. Effective permittivity is no 
longer considered in impedance thus simplifying the design of a 50 Ω system to match 
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the 50 Ω network analyzer. The dimensions of the transmission line relate to the 
impedance as follows [16]. 
     
    
   
    
     
 
(8) 
Where K(k) is the elliptical integrals of k defined above. The dependence on dimensions 
originates from the elliptical integrals.  
 Infinitesimally thin metallic transmission lines are assumed in the impedance 
equation above. However, metal thickness plays a role in impedance [16]. As the 
thickness increases, the impedance decreases so this must be factored in for larger 
thicknesses. In this work, the thicknesses are at the nanometer scale so the change in 
impedance is assumed negligible. The downside of having thin metallization is the 
appearance of a resistive tail on the temporal photoresponse as shown in the figure 
reproduced below [9]. 
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Figure 6: Temporal resistive tail for several substrates with different permittivity using a CPS 
line with 1.4μm metallization [9] © 1994 IEEE 
 
The tail is believed to originate from low-frequencies encountering metallic losses due to 
the skin-depth of the metal exceeding the metal thickness. An alternative would be to 
increase the metal thickness so that the shoulder of the tail decreases. This become 
impractical as microns of metal is needed. As discussed, careful design of impedance is 
also needed for larger thicknesses. Figure 6 illustrates that using lower permittivity 
substrates is another way to reduce the resistive tail. In fact, using lower permittivity 
substrates provides several benefits [9]. 
 Overall, the three important propagating wave parameters have been fleshed 
out. A better understanding of pulse propagating behavior as a function of distance 
exists along with analytical tools. The substrate and dimensions contribute greatly to the 
propagation behavior. Specifically, the heterostructure coplanar structure plays a large 
role through effective permittivity. By restricting the effect of the substrate, the true 
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benefits of a coplanar structure become more pronounced and the dependence on 
dimensions diminishes.  
2.6 LOWER PERMITTIVITY SUBSTRATES 
 As discussed earlier, the three important parameters all consider effective 
permittivity in the THz frequency regime. In turn, the effective permittivity depends on 
the substrate which is characterized by the relative permittivity. A comparison between 
three different substrates as illustrated previously in Figure 6, shows noticeable affects 
on the pulse as it propagates along a transmission line. The membrane substrate 
provides the smoothest pulse shape; the dispersion and attenuation are much more 
uniform into the THz regime. No oscillating tails as seen in [1] are visible and the 
attenuation losses due to radiative losses are reduced to the smaller skin-effect losses. 
This is attributed to the more homogeneous structure the membrane provides [9]. The 
benefits the membrane provides are used as a best case scenario for pulse propagation 
on transmission lines.  
 There is less of a mismatch between the substrate and the surrounding air 
because the membrane is only 1.4μm thick with the remaining area air. Effective 
permittivity now becomes closer to the relative permittivity of air because most of the 
electromagnetic wave is propagating in air (εr=1). With a permittivity closer to unity, the 
impedance naturally becomes larger as apparent in the aforementioned equations. One 
important note is that impedance is restricted from above by the dimensions. Higher 
impedance requires smaller dimensions thus a practical limit is reached. Coplanar 
structures can already reach higher impedances than other transmission lines but 
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reducing the permittivity raises this practical limit further. For example, the membrane 
setup discussed provides an impedance increase over GaAs by 2.4 times when using the 
same dimensions [9].  
 Using the membrane setup means that the effective permittivity is closer the 
relative permittivity of air which is unity. Considering the equations discussed earlier 
for attenuation and dispersion, a uniform permittivity of unity means no dispersion and 
uniform attenuation across all frequencies. Furthermore, attenuation is reduced due to 
the more uniform structure. When using a substrate/air heterostructure attenuation is 
dominated by radiative losses as mentioned earlier. This loss occurs when charges move 
faster than the phase velocity of the wave traveling in the substrate material. The result 
is an emitted electromagnetic shock wave [18]. 
 The parasitic capacitance due to the substrate is also reduced with lower 
permittivity which translates to smaller RC time constant of the circuit. This is also 
apparent in Figure 6. When creating the transmission lines in a practical application, 
discontinuities also exist. The lower permittivity means that the higher frequencies have 
a longer wavelength. As discussed earlier, wavelengths 1/10 the size of a certain 
discontinuity such as bends are less affected by the discontinuity.  
 The only apparent downside to the lower permittivity is the higher phase 
velocity of the signal. In applications where longer lines are needed to keep reflections 
out of the window of observation the higher speed means even longer lines are needed if 
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the reflected signal is appearing. Furthermore, the lower attenuation due to lack of 
radiative losses means the reflected signal is also stronger.  
 Overall, design considerations are simplified greatly when using a setup similar 
to the membrane discussed in [9]. Once a setup is perfected, non-destructive pulse 
propagation is easily achievable with little consideration in designing with dispersion 
and attenuation. Theoretically, larger, more complex structures can be implemented 
with little consideration to discontinuities or degradation of the signal. This low 
permittivity study provides a best approximation of pulse propagation along a coplanar 
transmission line. 
2.7 DISCONTINUITIES 
 The nanowire device introduces a discontinuity in the transmission line setup for 
both the CPS and CPW. When the device is placed across the gap from one conductor to 
another in a CPS setup, it may act as a short. For the CPW, the device is placed across a 
gap made in the signal/center conductor. In this case, the device may act as an open 
circuit creating a gap discontinuity. The open and short discontinuities the device may 
create must be considered during measurement to ensure a discontinuity is not 
measured instead of the device photoresponse.  
 One way to measure these discontinuities is using scattering parameters (S-
parameters) of a circuit that has a short and open. S-parameters characterize the input 
and output signal at each electrode of the discontinuity by relating properties such as 
power or voltage. A finite-difference time-domain simulation is also used to obtain this 
data. To find the characteristics of the open and short with the remaining circuit 
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removed, an algorithm called the thru-reflect-line (TRL) which de-embeds the S-
parameters of the discontinuity from the remaining circuit. Another way to look at this 
is by considering the discontinuities as an equivalent circuit model. For a CPS setup, a 
short acts as an inductor while an open acts as a capacitance. Thus, the de-embedded S-
parameters show these corresponding behaviors. If a CPS transmission line is long 
enough or terminated so that the ends are not open circuits, then the capacitive behavior 
is ignored. However, the inductive behavior is important due to the short the device 
could create. If a conductive short is placed across the lines, an inductive reactance is 
formed. As frequency increases, so does the reactance which means this behavior may 
be visible for a device with conductivity similar to the metal. The reactance is a 
parameter that is extracted from the de-embedded S-parameters and measures reactive 
components (frequency dependent components). Another important consideration is 
that a longer device which requires a larger CPS conductor separation also increases the 
inductance of the possible short [15]. 
 Although the study discussed above considers a CPS setup, the CPW setup has 
similar behaviors. When a highly resistive device is placed across a gap in the center 
conductor, an open circuit is observed. Fringing electric fields form across the gap 
creating a capacitive effect similar to the one discussed for a CPS open circuit [15]. As 
expected with a capacitance, an increase in the separation of the gap causes a decrease in 
the capacitance. Also, a decrease in reactance occurs as the frequency increases [15]. 
Once again, these discontinuities are important to understand because the device may 
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become highly conductive or resistive and cause the measurements to appear similar to 
these S-parameter results. 
 Another discontinuity that may appear is a bend in the CPS or CPW. A finite-
difference time-domain method is also used to simulate this structure and obtain the S-
parameters. A concern with the bend is that it may cause reflections of the signal as it 
travels along the line. However, the study discussed concludes that no compensation is 
needed. Reflections remain less than -20 dB for frequencies up to 12 GHz [19]. A CPW is 
similar to a CPS; thus, the same behavior or better is expected. In applications, that use 
equipment such as the network analyzer, a circuit that utilizes bends does not need 
further design considerations. However, bends may require further study for THz 
regime measurements.  
2.8 WIRE BONDING CONNECTIONS 
 For this work, a setup is needed that connects the device on a transmission line to 
a transmission line connected to a network analyzer. The easiest way to provide this 
nanometer scale to macroscopic setup is by bonding with metallic wire the one board 
that holds the device to the board that connects to the network analyzer. The wire bond 
consists of only a bare metal wire. Despite what intuition may dictate, a bare wire shows 
low dispersion and low attenuation when propagating THz pulses.  A study propagated 
a pulse along a 24 cm segment of 1 mm diameter wire and witnessed no dispersion or ill 
effects of the pulse. At the time of the study, the recorded attenuation coefficient was 
one of the lowest of any transmission line with an attenuation of 0.03 cm-1. The behavior 
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seen with this pulse confirms that the wire acts similar to a TEM wave in a coaxial cable. 
 Even with curves, propagation still saw little affects on the pulse propagation. 
The only downside is the bare wire is prone to coupling with other structures. The use of 
a bare wire also allows the possibility of shorting with other metallic structures. Despite 
these few difficulties, a bare wire makes an ideal interconnect for setups that require 
connections of multiple boards.  
 Many considerations relevant to the design of coplanar structures were brought 
forward in this chapter. Three important design parameters that affect a propagating 
signal were discussed. Discontinuities and wire bonding were brought up because they 
become even more important at high frequencies. Discussion on low permittivity 
substrates provided a best case scenario for propagating waves. These considerations are 
applied to high-speed structures based on design parameters dictated by different high-
speed test setups. The calculation and simulation of the design parameters in the next 
chapter use the considerations from this chapter. 
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CHAPTER 3: DESIGN OF HIGH-SPEED STRUCTURES 
 Chapter 2 provided the framework for designing the structures needed for high-
speed testing of the nanowires. For this work, three types of transmission lines were 
designed for the purpose of measuring the nanowires in high-speed applications. The 
CPS transmission line (Figure 3a) was the first design with the strictest set of parameters 
in an attempt to provide clean propagation of the nanowire’s response. Parameter 
calculations of the structure were performed using the equations discussed above to 
determine the operating behavior of the structure in a THz setup that used electro-optic 
sampling (EOS). The second design used a CPW transmission line (Figure 3b) with 
relaxed parameters which allows an easier proof of concept approach with a 20 GHz 
network analyzer setup. Advanced Design System (ADS) simulation software was used 
to determine the effects a pulse experiences on this transmission line. Similarly, the third 
design uses ADS to design a CPW transmission line but at a larger scale. The first two 
smaller transmission lines along with a nanowire create a device. The third CPW 
transmission line design is on a larger scale because it interfaces the smaller transmission 
lines to the network analyzer and other testing equipment. This interfaces the nanoscale 
structure to the macroscopic world. 
 This chapter discusses the design of the two CPWs and the one CPS transmission 
lines for use in different test setups. Measurements discussed in Chapter 5 are compared 
to the results of this design. The CPS design involved calculations discussed and 
reproduced from several references. Calculations such as these provide a good first 
approach at understanding how the transmission line performs over a range of 
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frequencies. Further simulation was attempted but not completed using the finite-
element software such as COMSOL Multiphysics. More specific test setups require 
deeper understanding of propagating waves on a transmission line but the work here 
provides a proof of concept for the use of transmission lines for high-speed testing of 
nanowires. 
3.1 CPS THZ AND SUB-THZ TRANSMISSION LINE 
 Two different impedances are examined throughout the design of the CPS 
transmission line. An 80 Ω transmission line is designed for the THz regime while a 50 Ω 
transmission line is designed for the sub-THz transmission line. The 80 Ω transmission 
line adheres to the strictest design criteria in order to measure high-frequency (100’s 
GHz) characteristics of the nanowire devices. Minimal dispersion and attenuation occurs 
at this high impedance along with practical CPS dimensions. The 50 Ω line was also 
designed to allow a network analyzer to be used first as a proof of concept. Most high-
speed measurement equipment use a 50 Ω reference system, allowing a more versatile 
platform for future investigation. To provide minimal reflections by ensuring impedance 
matching, a 50 Ω transmission line is then required. The following calculations compare 
the two line impedances and find the best parameters to use for each.  
 Impedance is the major deciding factor of the CPS dimensions. The synthesis 
equations (not shown) that equate the dimensions according to the impedance and 
relative permittivity are cumbersome to calculate.  Instead (8) is plotted showing the 
impedance versus a range of relative permittivity and ‘a/b’ ratio values where ‘a’ is half 
31 
 
 
 
the gap width, S, and ‘b’ is the conductor width, W. The plot is then used to obtain the 
ratio of the two dimensions for a certain relative permittivity and impedance.  
 
 
Figure 7: Impedance over a range of dimensions and relative permittivity with two 
impedances marked 
 
The ratio for the 50 Ω and 80 Ω impedance is marked in the plot and is 0.036 and 0.25, 
respectively. The plot also demonstrates that lower permittivity increases the impedance 
for the same dimensional ratio as discussed in Chapter 2. Another important point to 
note is that the smallest and largest impedance require ratios that create impractical 
dimensions. Although, higher impedances are easier to reach than lower.  At 50 Ω, for 
example, an 8 μm gap requires 110 μm conductor widths. These ratios are the basis for 
the dimensions used in the CPS designs for this work. The downside to using (8) is that 
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it considers quasi-static approximations which means (5) is used solely instead of (4). 
For THz, impedance will most likely change at higher frequencies. A further analysis of 
frequency dependent impedance may be needed if impedance is shown to vary 
drastically. For sub-THz, the impedance did not change over frequency as discussed in 
Chapter 4. A side effect of using a thicker substrate is the lower TE mode cutoff 
frequency as seen in (6). 
 The phase constant, β, should be uniform linear with frequency but effective 
permittivity removes this ideal behavior. At the very least, effective permittivity should 
be a constant value. Data for two different substrate thicknesses and impedances 
provide insight into which setup is ideal for performing obtaining this. 
 
 
Figure 8: Effective Permittivity dependence on frequency, impedance and substrate 
thickness on sapphire substrate (εr=10.4) 
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Effective permittivity is most uniform for the THz regime when a thick substrate and 80 
Ω impedance dimensions are used according to Figure 8. Lack of uniformity occurs for 
50 Ω impedance dimensions. This is not a concern because the 50 Ω lines are only used 
in the low frequency sub-THz setups. At the frequency range of the network analyzer 
used in Chapter 5 (20 GHz), the effective permittivity hardly varies from the quasi-static 
permittivity described by (5). Figure 8 also verifies that quasi-static values are useful at 
10s to a few hundreds of GHz. Thus, this figure demonstrates the usefulness of the 
equations discussed in Chapter 2. 
 Attenuation is also dependent on effective permittivity. Even though Figure 8 
gives insight into the attenuation, a plot of the dominant attenuation, radiative, is given 
below using (7).  
 
 
Figure 9: Radiative attenuation for 50 Ohm and 80 Ohm Impedance transmission line 
on 430μm thick sapphire 
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The 80 Ω has close to no radiative attenuation up to about 400 GHz but experiences an 
exponential increase. However, the 50 Ω line experiences an increase much sooner. Thus, 
this proves that the higher impedance line has lower radiative attenuation and less a 
chance of frequency dependent degradation. 
 Further study of the TE mode cutoff frequency is needed but using the discussed 
figures above provides a comfortable understanding of how a pulse THz and sub-THz 
pulse propagates on the chosen dimensions. In summary, the 80 Ω line on 430 μm thick 
sapphire should experience little dispersion and only minor attenuation at higher 
frequencies up to 1THz. The 50 Ω line on 430 μm thick sapphire is designed for a 20 GHz 
setup. According to the plots, a constant quasi-static permittivity means no dispersion is 
present on this line. Even though there is a sharper and stronger attenuation for the 50Ω 
line, at 20GHz, there is still little attenuation. A summary of the dimensions used for the 
CPS structures is below. 
 
Table 1: Dimensions for CPS transmission line on sapphire 
Impedance a/b Ratio Gap Width, S Conductor  Width, W  
50 Ω 0.25 8 μm 16 μm 
80 Ω 0.036 8 μm 111 μm 
 
The gap width is restricted to 8 μm because the nanowire devices are only a few microns 
in length. Even at this dimension, electrodes need to extend from the CPS transmission 
line into the gap to the nanowire. At the edge of the electrodes, there is only about a 2μm 
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gap. A scanning electron microscope (SEM) image of one of these CPS at the electrode is 
shown in Figure 10. 
 
 
Figure 10: SEM image of CPS 80Ω THz structure focused on electrode 
 
3.2 FABRICATION PROCESS AND DIFFICULTIES 
 Electron-beam (E-beam) lithography is the primary method of fabricating these 
small structures. Naturally, this technique allows for high resolution because of the 
electron source. A pattern is produced using the DesignCAD LT 2000 software in 
conjunction with the Nanometer Pattern Generation System (NPGS). A SEM uses the 
pattern through NPGS to expose the spin coated resist discussed below. 
8μm 
16μm 
2μm 
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 Prior to spin coating, the substrates are cleaned by sonication for 5 minutes in 
acetone, IPA, and deionized water separately in the respective order. Furthermore, the 
substrates are O2 plasma cleaned for 1 minute. Different types of resists are spin coated 
onto the cleaned substrate at 5000 rpm for 30 seconds. The two main types of resist are 
positive (Microchem PMMA) and negative (Microresit MaN 2403).   
 When positive resist is exposed by the e-beam, developer is able to remove the 
exposed portion while leaving the un-exposed areas. Metal is deposited over the entire 
chip using a thermal or electron beam evaporator. When the remaining positive resist is 
removed in an acetone bath, the metal in contact with the substrate remains while the 
rest of the metal is removed with the undeveloped resist in a process called lift-off. 
Negative resist undergoes the same process with the difference being that the exposed 
resist regions remain while the remaining is removed in developer. Thus, exposed 
regions remove metal while the remaining metal is in-contact with the substrate. Three 
types of resist structures are used in an attempt to optimize lift-off: 
1. Substrate/950K/100K/950K PMMA trilayer positive resist 
2. Substrate/MMA/950K PMMA bilayer positive resist 
3. Substrate/Diluted Shipley 1813/MaN2403 bilayer negative resist 
 The fabrication process used for this work encountered several difficulties due to 
the restrictions imposed by the equipment. Dimensions of the transmission line are the 
primary contributor to the difficulties encountered. Specifically, the lowest 
magnification on the SEM was used because of the long lengths (> 5 mm). At the low 
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magnification, the small dimensions of the electrode (< 2 μm) and transmission line gap 
(< 8 μm) suffered poor exposure. Furthermore, the lack of alignment marks made it 
improbable to align the electrodes to the transmission lines. In other structures that are 
not designed for high frequency, alignment marks are placed near the writing area and 
used to align the e-beam for creation of multiple structures at their optimal 
magnification.  
 The conductive alignment marks act as discontinuities that alter the behavior of a 
THz propagating signal. The electrodes and the transmission lines must be written 
during the same sweep and magnification of the e-beam. The result is poor exposure of 
the positive resist.  Ideally, the positive resist, when exposed, should be removed during 
development to reveal the exact desired layout of the transmission line. However, drift 
and charging during the writing of large areas caused exposures with shorts and 
discontinuous patterns. Figure 11a provides an example of problems encountered after 
the metallization and lift-off procedures. The different resist structures outlined above 
were an attempt to find a recipe providing increased resolution and improved lift-off. 
 The use of the insulating substrate, sapphire, also strongly affected the results.  
During the required long write times of over 3 hours per structure, charge would build 
up on the substrate causing the e-beam to deflect. This created breaks and shifts in the 
pattern, as shown in Figure 11b. 
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Figure 11: Example of a) shorts and b) breaks due to poor exposure and lift-off of the 
CPS THz design. c) Excessive debris and improper contact of nanowire to 
transmission line. 
 
 The transmission lines and electrodes could not align to a preexisting nanowire 
on the substrate because no alignment marks were used. The transmission lines were 
created first then followed by dielectrophoresis to steer the nanowires to the electrodes. 
This technique uses a varying, alternating electric field on the transmission line to steer 
the nanowires to the electrodes. A proper applied frequency and voltage causes the 
nanowire to act as a dipole attracted to the electric field at the electrodes. However, the 
process requires extensive research into finding the correct frequency and voltage for the 
electrode dimension, substrate, nanowire and solution. Numerous trials were performed 
in an attempt to find the right set of parameters but each run resulted in excessive debris 
adhering to the transmission line and unsuccessful adherence of the nanowire to the 
electrodes. Even a “brute-force” approach was taken in which the nanowires were 
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randomly dispersed onto the transmission line and moved around until a nanowire sat 
on top of the electrodes. This technique also resulted in excessive debris and nanowires 
that would never sit on top of the electrodes for a proper, stable connection as shown in 
Figure 11c.  
 The difficulties discussed in this section are the leading cause of the shift from 
THz CPS to the CPW transmission lines discussed next. Proper fabrication of these 
devices is possible if a higher precision SEM is available along with resist structures 
meant for high precision dimensions. The negative resist structure along with the CPW 
transmission line hold promise in circumventing these difficulties and have potential for 
scaling up to THz transmission line fabrication.  
3.3 CPW DEVICE TRANSMISSION LINE 
 The difficulties encountered while fabricating the CPS structures called for a 
new, quick approach meant to give a proof of concept for obtaining high-speed 
measurements. Instead of using a CPS setup, a CPW was used instead which allowed 
the use of negative resist as discussed previously. The CPW structure is also tailored for 
a lower frequency test setup using the network analyzer. This relaxes many of the 
design considerations that were taken into account for the CPS transmission line. 
Furthermore, the ADS software package has basic elements for CPW transmission line 
allowing for quick design. The following data is obtained from ADS and used to 
understand the effects the DEVICE may experience under test with the network 
analyzer. 
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 A device is placed in a gap created in the center/signal line. The ground planes 
extend to the size of the chip because negative resist is used. This means that only the 
exposed parts of the resist remove the metal. To shorten exposure time, the ground 
planes are not cut short. The ends of the CPW have a taper which expands out to allow 
wire bonding. The transmission line calculator in ADS is used to obtain the dimensions 
needed for a 50 Ω CPW. Parameters related to the substrate and frequency range are 
added to the calculator to provide the best accuracy. The resulting dimensions for the 
taper and transmission line are in the table below. The lengths of the lines are chosen to 
minimize exposure time but maintain lengths long enough to prevent discontinuities 
from forming. 
 
Table 2: Dimensions of CPW and CPW taper on sapphire 
 Center Conductor Width, S Gap Width, W Length 
Taper 500 μm 194.6 μm 0.25 mm 
Transmission Line 50 μm 24.5 μm 2 mm 
 
The simulation circuit reproduced below is composed of one CPW with two CPW 
components with stepped up sizes on either side representing the taper. 
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Figure 12: ADS Diagram of CPW transmission line for 50Ω 
 
The simulation is setup to give the S-parameters from the circuit. From the data, shown 
below, the reflectance and transmission of a signal is obtained along with the impedance 
of the line. 
 
 
Figure 13: a) Transmission and b) reflectance of a signal through the 50Ω CPW 
transmission line on sapphire 
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Figure 14: Impedance of a signal through the 50Ω CPW transmission line on sapphire 
 
Examination of the transmission plot (Figure 13a) shows there is approximately -1dB of 
signal on average that passes through the transmission line. The slight loss could be 
caused by the taper or attenuation losses discussed in Chapter 2. The same could be said 
with the reflectance plot (Figure 13b). Up to about 20 GHz, about -20 dB of power is 
reflected. Along with the losses, the 10 Ω impedance deviation proves the discontinuity 
in dimensions plays a role in this design. Group delay of the transmission line is also 
important as it relates to the dispersion in that is present on the transmission line.  
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Figure 15: Group delay of a signal through the 50Ω CPW transmission line on 
sapphire 
 
A constant group delay means that all frequency components of a signal are traveling at 
the same speed. If all the frequency components arrive at the same time, then no 
dispersion has taken place. This CPW has a slight, sub-picosecond difference in the 
delay between 10 and 20GHz and a sharp increase below 5 GHz. Measurements in the 
tens of GHz do not experience significant dispersion.  
3.4 CPW INTERFACE BOARD 
 Another board was needed to interface the CPW device board to test setups. This 
is required because the sapphire chip and conductor geometries are too small and brittle. 
Commercial connectors could not be added without destroying the chip. The design is 
similar to the CPW chip except that it is scaled up and uses commercially available 
supplies.  A 5/8” gap in the transmission line between the two ports exists in the final 
board produced but was simulated without this gap. Table 3 provides the dimensions 
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from the ADS transmission line calculator and the commercially available supplies used 
to fabricate this board.  
 
Table 3: Dimension and materials used for CPW interface board 
 Center Conductor Width, S Gap Width, W Length 
Transmission Line 0.82mm 0.6mm 5 inches 
 
Supplies 
Substrate Rogers Corp RO3003 Ceramic-filled PTF for High Frequency 
 εr=6.15,  =0.002, Copper Trace=35μm, Thickness=0.64mm 
Connector Emerson Female Jack Receptacle – Edge Mount 
 SMA Connection, Rated 26.5GHz 
 
ADS is used to design and create a fabrication Gerber file for an in-house milling 
machine. The simulation data that follows is to insure that the board interacts minimally 
with the signal and merely acts as an interface between the test setup and DEVICE 
which includes the nanowire and CPW contacts.  
 
 
Figure 16:  Transmittance of a signal through the CPW interface board 
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The transmittance of the board degrades almost linearly at high frequencies. Similar to 
the CPW device discussed earlier, there exists some attenuation of the signal. The 
reflectance (not shown) is significantly low showing almost no reflections as is expected 
for a simple transmission line. Furthermore, the impedance (not shown) is fairly uniform 
which is also expected for a simple transmission line. The group delay is similar to the 
other CPW board. 
 
 
Figure 17: Group delay of a signal through the CPW interface board 
 
 
The group delay shows sub-picosecond differences in the 10GHz to 20GHz range. Thus, 
the measurement data should be restricted to this range so that the transmission line 
experiences no sharp dispersion. However, the difference below 5 GHz is still in the 
picosecond range which may not significantly alter a signal propagating along the 
transmission line.  
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 The data from each of these three boards characterizes the behavior of the 
transmission line without a nanowire attached. Comparison with network analyzer data 
provides a comparison that allows validation of the usefulness of the transmission line. 
When the nanowire is added to the setup, there are characteristics of the nanowire and 
transmission line. Understanding the transmission line allows better understanding of 
just the nanowire. This provides a proof of concept that these boards can be used for 
high frequency applications. More in depth techniques should be applied to remove the 
extra information. One possible technique to use is the thru-reflect-line algorithm. 
 This chapter examined the designs of several types of transmission line 
structures for use in high-speed measuring setups. Each required careful design to 
ensure the transmission line does not degrade the propagating photoresponse in the test 
setups. Chapter 4 discusses the test setups that incorporate these transmission lines.  
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CHAPTER 4: HIGH-SPEED RESULTS OF NANOWIRES FROM HIGH-
SPEED MEASUREMENT TECHNIQUES 
 The high-speed results from Gallo, et al. [1] provided a first look at the 
photoresponse of GaAs/AlGaAs core/shell nanowires. Measurements from the test 
setups discussed later in this chapter will continue this research further and reveal 
information on recently discovered behaviors such as negative differential resistance [4]. 
Results from previous work on GaAs bare nanowire systems form a foundation for 
studying the core/shell counterpart. This section first looks at the initial results on 
GaAs/AlGaAs core/shell nanowires then moves to the high-speed research performed 
on GaAs bare nanowires. High-speed research performed thus far on bare nanowires 
provides a basis for results expected from high-speed research on core/shell nanowires.  
 The work in this thesis is a proof of concept that core/shell nanowires can 
initially be tested by conventional microwave measurement setups such as the network 
analyzer. The results should match what was found and described in Chapter 5. An 
important part of this work was the design of high-speed transmission lines to guide the 
responses from core/shell nanowires. Previous high-speed work by Gallo, et al. did not 
consider this effect [1]. This previous work, however, demonstrated that core/shell 
nanowires do have promising high-speed characteristics. Furthermore, the work 
demonstrated some dependencies of the photoresponse on intensity and applied bias. 
The work done here provides a basis to move to higher resolution measurements on 
these devices. 
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 The photoresponse of GaAs/AlGaAs core/shell nanowire detectors was the 
primary focus in Gallo, et al. Data demonstrated that the DC bias and light intensity 
affect the photoresponse. For all measured DC biases, a linear responsivity of 0.1mA/W 
is observed over a few orders of magnitude of wattage. A large incident optical power 
was necessary to generate a signal large enough to be detected by the measurement 
electronics. This is an important factor to consider for the measurements with a network 
analyzer and EOS setup. DC biasing of the nanowire also affected the strength of the 
photoresponse. The difference in the photoresponse voltage over a range of biases from 
2.5 V to 10 V is about 10mV when measured across a 50 Ω load.  
 As shown in Figure 18, the DC bias and light intensity increase the amplitude of 
the photoresponse. However, these dependencies do not affect the shape of the pulse. It 
was characterized as having a rise and fall time of about 5 ps and 8 ps, respectively, and 
a full-width half-max (FWHM) of 9 ps. Further study of this behavior is needed because 
the FMWH values are limited by the response of the oscilloscope [1]. Thus, the 9 ps 
FWHM signal seen is actually a filtered response. Studying these nanowires with an 
EOS setup may uncover the high frequency components of the nanowire photoresponse 
that are masked in these measurements. 
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Figure 18: Photoresponse due to the excitation of a GaAs/AlGaAs core/shell nanowire 
which is restricted in time by the oscilloscope. The photoresponse voltage is shown 
over a 70 ps time window. A range of DC biases and light intensity show the 
dependence of the photoresponse on these parameters. Reprinted with permission 
from E. M. Gallo, G. Chen, M. Currie, T. McGuckin, P. Prete, N. Lovergine, B. Nabet 
and J. E. Spanier, "Picosecond response times in GaAs/AlGaAs core/shell nanowire-
based photodectectors," Applied Physics Letters, vol. 98, 2011. Copyright 2012, 
American Institute of Physics 
 
 Despite the photoresponse being masked by the oscilloscope, a simple 
calculation allows a theoretical approximation of the photoresponse’s FWHM. It takes 
into account the oscilloscope and the 80 fs laser pulse. The oscilloscope is documented as 
having a 7ps rise time. Thus, the main attributing factor to the photoresponse is the 
oscilloscope.  The measured FWHM is a combination of the response of the nanowire 
(τactual), the oscilloscope (τosc), and the laser (τlaser) [1]. 
                  
      
        
  
(9) 
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Using (9), the corrected FWHM value of the nanowire is 5 ps. This small value along 
with the restriction imposed by the oscilloscope demonstrates that high-speed setups are 
needed. Additionally, the oscillating tails visible in Figure 18 are due to the guiding 
medium behavior of the photoresponse which was not designed using transmission line 
theory. Along with a high-speed test setup, careful design of the signal lines are needed 
as discussed in depth in Chapter 2 and Chapter 3. 
 The core/shell data above demonstrates significant improvements over a bare 
nanowire. The responsivity of a bare GaAs nanowire was 0.02mA/W compared to the 
core/shell responsivity of 0.1mA/W. Also, the photoresponse of the bare nanowire is 
reduced and much nosier (see Figure 1). A long, slow tail after the initial pulse also 
shows the response is dependent on surface trap states which capture charges and 
release them at much slower time scale. In general, the core/shell nanowire has a much 
smoother photoresponse and much less dark current than the bare nanowire due to the 
addition of the AlGaAs shell [1]. 
 The addition of the larger band-gap shell of AlGaAs provides several benefits 
over the bare GaAs nanowires. Surface states that cause the long tail seen in Figure 1 for 
bare GaAs nanowires are passivated/suppressed by the shell. This leads to an increase in 
the radiative efficiency and carrier mobility [20]. A higher radiative efficiency benefits 
devices such as lasers and LEDs. Carrier mobility is an important attribute that sets the 
speed limit on devices such as transistors. Studying the high-speed behavior using EOS 
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and THz TDS characterizes the mobility and charge carrier behavior through the 
photoresponse. 
4.1 ELECTRO-OPTIC SAMPLING MEASUREMENTS 
 EOS test setups are a non-contact method of measuring temporal signals with 
frequency components in the THz regime. A femtosecond laser pulse (excitation laser) 
strikes the nanowire causing an electrical response to propagate along the transmission 
line. An EOS crystal is positioned above the transmission line a fixed distance from the 
device. The crystal displays a behavior called the Pockels effect which produces 
birefringence when an electric field is present. A typical crystal that experiences the 
Pockels effect is Lithium Niobate (LiNbO3). Birefringence means a material has an 
anisotropic refractive index. As the response’s electrical fields pass through the crystal, 
the varying strength of the field proportionately changes the strength of the 
birefringence. A polarized secondary beam (sampling laser) split from the excitation 
laser passes through the crystal at a set time delay from the excitation laser. The 
birefringence changes the polarity of the sampling laser proportionate to the electric 
field that passes through the crystal at the designated delay. Subsequently, the polarized 
portion of light is removed by a polarizer. The remaining sampling laser power is 
measured and recorded using a lock-in amplifier. The result is a sampled point of the 
photoresponse.  Different delays of the sampling laser are used to measure the electric 
field at different times as it propagates along the transmission lines. Thus, the set of 
values recorded at different delays result in the reconstructed photoresponse. 
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 A similar setup is used for high-speed measurement by Prechtel, et al. Instead of 
EOS crystal, a photoconductive switch (Auston switch) is used to control the point at 
which the photoresponse is measured [2]. This pump-probe technique places a 
photoconductive switch at a point along the transmission line. An example of a switch is 
ion-implanted silicon on sapphire. When the delayed sampling laser is incident on the 
switch, a conductive path is formed between the transmission line and a lock-in 
amplifier. Similar to EOS, the sampling laser is delayed at a set of points so that the 
photoresponse is reconstructed.  The resolution of these setups is restricted by the laser 
pulse which is usually only tens of femtoseconds wide. Thus, these setups are able to 
measure the picosecond characteristics of the photoresponse present on the transmission 
line.  
 A recent study by Prechtel, et al. used the pump-probe technique to measure the 
photocurrent response of GaAs. The photocurrent is combination of several different 
optoelectronic affects that are extracted by using their unique characteristics such as 
different time scales and conditional behaviors. These optoelectronic effects are carrier 
drift due to electric potentials, carrier diffusion and photothermoelectric effect. The 
precision of the laser allowed the excitation beam to strike a location 2 μm from the right 
contact. Measurements of the response showed a peak with FWHM of 1.5 ps at a 5 V DC 
bias. This peak is attributed to the displacement current due to illumination and the DC 
bias [2]. The Gaussian shape of the peak, the dependence on DC bias polarity and 
FWHM further support that this peak is due to the displacement current. Displacement 
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current occurs when carriers generated by the illumination redistribute to decrease the 
local electrical potential difference they generate [2],[13]. 
 A similar measurement was taken with the beam focused near the left contact. 
The FWHM of this exponential peak is slightly higher than the displacement current 
peak at about 3.5 ps. Furthermore, the peak is independent of the DC bias polarity. The 
difference in peaks is due to the asymmetry of the nanowire –one end of the nanowire is 
thicker than the other due to the growth technique. These behaviors of the response 
demonstrate a photothermoelectric current. This current arises due to the increase of 
local temperature from the generation of phonons by the excitation. The Seebeck 
coefficient, which relates the temperature gradient and voltage, equates the current due 
to the local temperature increase [2].  
 The slow decay seen after the first peak at the right contact is due a combination 
of recombination lifetime and photogenerated holes. This tail extends for 100’s of 
picoseconds after the initial peaks [2]. A comparison to the bare nanowires measured in 
[1] shows a similar slowly decaying tail. Core/shell nanowires show improvements over 
bare nanowires. A similar study such as this one should produce better results such as 
smaller FWHM and lack of slow decaying tail. Data such as hole drift velocity and 
mobility were also discussed in [2] and provide another means to measure the high-
speed behavior via these parameters.  
 Pretchel, et al. used a coplanar stripline similar to the one proposed in Chapter 2 
and Chapter 3. The CPS transmission line needed careful design otherwise the FWHM 
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data and dependencies may have been obscured. For instance, dispersion and 
attenuation could have left the tail undistinguishable from the recombination and hole 
current. Furthermore, the two different peaks may have appeared as one peak with 
behavior characteristic of neither photothermionic nor displacement current. Research 
on other devices using EOS and CPS or CPW transmission lines have also proven 
successful in discerning other fine behaviors [10], [13], [21] such as secondary peaks in 
the response curve due to photogenerated carriers. 
4.2 TERAHERTZ TIME-DOMAIN SPECTROSCOPY 
 THz TDS is a method of characterizing a material, not necessarily a device. A 
device includes the material contacted to electrodes and other possible components. 
Despite this difference, THz TDS does however provide a method of measuring the 
high-speed characteristics of a material without electrodes such as the CPS transmission 
line. The study of core/shell nanowires compared to bare nanowires can still provide a 
view of unique behaviors. Using this approach before or alongside EOS would provide 
useful insight into the material and behavior the contact plays including the negative 
side-effects of using a transmission line.  
 Similar to EOS, THz TDS is another non-contact testing setup which allows 
measurements with bandwidths far into the THz range. The basic concept of the test 
setup in Parkinson, et al [3]. involves a source emitting THz pulses focused into the 
sample. Measurement involves detecting the change in the transmittance (ΔT/T) of the 
THz pulse through the sample using a pump-probe setup. The collected data is related 
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to the complex conductivity over the frequency range of the incident broadband THz 
pulse [3]. 
 A set of ΔT/T is obtained over a range of pump-probe delays. The result set is 
similar to the photoresponse discussed previously. Once again, slow decay times after 
the initial peak are observed in the response of bare GaAs nanowires. Conductivity is 
proportional to the nonexponential decay time of ΔT/T. In this setup the shape of the 
decay depends on the pump fluence. The decay becomes faster and monoexponential at 
lower pump fluencies which is believed to occur due to surface trap saturation [3]. This 
behavior is different from the invariance seen by [1]. 
 A thin-film optic model is used to find the frequency dependent complex 
conductivity,          at different pump-probe delays. Complex conductivity is 
extracted from ΔT/T which also depends on frequency and pump-probe delay time, i.e. 
              . The real component of the complex conductivity is the resistive 
response of the nanowire while the imaginary component contains the reactive response 
of the nanowire. A positive real conductivity with no frequency dependence is 
attributed to large scattering rates of excited free carriers [3].  
 Parkinson, et al. use a model based on localized surface plasmon (LSP) modes to 
equate the conductivity from the results. Nanoparticles are able to use this model due to 
their narrow width’s and heavy dependence on surface effects. The model considers the 
carrier density, momentum scattering rate and the plasmon frequency. Therefore, charge 
carrier mobility, and carrier density are values that are extracted. Ultimately, the surface 
56 
 
 
 
trap density and rate of carrier trapping were extracted [3]. Parameters such as these are 
useful for deeper understanding of the core/shell counterpart.  
4.3 CONVENTIONAL MEASUREMENT TECHNIQUES 
 The work performed in this thesis lays the foundation for high-speed testing 
research on core/shell nanowires. Design of transmission lines were a primary focus 
because the measured device signal must travel along them without degradation. 
Conventional measurement setups are used to validate the nanowire/transmission line 
system by observing some of the general characteristics discussed above. Specifically, a 
network analyzer is used to measure the dependence of the system on DC bias and 
illumination. The results are discussed in Chapter 5. 
 Research has been performed on GaN using a network analyzer, oscilloscope 
and power spectrum analyzer. The speed of this equipment is limited to several tens of 
GHz but provide a level of understanding discussed next. The measurements are similar 
to what can be done on the core/shell nanowires.   
 Using microwave network models, Wallis, et al [14]. extracted circuit parameters 
of a device at a frequency range from 50 MHz to 33 GHz. The device is composed of 
GaN nanowires contacted with a CPW transmission line. Series resistance, shunt 
capacitance and contact resistance were the three parameters extracted using two 
different models. The work found that the shunt capacitance increased while the series 
and contact resistance decreased after illumination by a UV source. In general, the 
admittance obtained from the S-parameters increased by about 10% over a frequency 
57 
 
 
 
range of 50 MHz to 33 GHz. The data obtained considered both the nanowire and the 
nanowire/contact system [14].  
 A power spectrum analyzer was used by Carrano, et al [5]. to measure the 
frequency response of GaN wires. A 2dB roll-off at 1.5 GHz was observed which is 
related to a slow component. The slow component was also seen in a photoresponse 
obtained by Carrano, et al. As discussed previously, this slow component is also seen in 
GaAs. Likewise, the lower hole drift velocity compared to electrons creates this slow 
component. A secondary roll-off greater than 6dB is also visible after 16 GHz but is 
uncharacterized by this group. An important note is that roll-off demonstrates the 
bandwidth of a characteristic time constant. For instance, the transit-time of the holes 
(τH) which was considered the limiting factor of GaN speed, was converted to 
bandwidth using    
   
    
       where        .The results demonstrate that a 
power spectrum analyzer is another method of observing this slow component even 
without a high-speed, high resolution system [5].  
 Although, these measurements are unable to characterize beyond 33 GHz, the 
equipment is able to measure the equivalent circuit components of a nanowire and the 
contact. The slow component seen in GaN and GaAs is measured and future work with 
the transmission lines studied in this thesis can look for slow/low bandwidth behaviors 
in core/shell nanowires. Light and dark measurements can look at the resistive and 
reactive components of the nanowire that relate to the inner behaviors of the nanowire. 
Further research may reveal other models and techniques that can provide further 
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understanding using these mentioned techniques. Work presented in Chapter 6 is the 
first step towards making these aforementioned measurements possible with the 
transmission lines designed in Chapter 2 and Chapter 3.  
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CHAPTER 5: NETWORK ANALYZER RESULTS OF CORE/SHELL 
NANOWIRES 
 Several measurements were performed on the core/shell nanowire and 
transmission lines. This work is meant to provide the first analysis on the device to 
guide further work using the methods discussed in Chapter 5. The CPW transmission 
lines designed in Chapter 3 are measured using a network analyzer. Specifically, the 
CPW interface board that connects to the network analyzer and the CPW that the 
nanowire contacts with are used. Before the full measurement of the 
nanowire/transmission line system, the interface board is measured separately in an 
attempt to understand the effect it has on the overall measurement of the system. A 
block diagram of the setup is shown in Figure 19. 
 
 
Figure 19: Block Diagram of Network Analyzer 
 
 The interface board was measured with and without the gap in the transmission 
line shorted using Au bonding wire and silver paste.  Impedance was measured over a 
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range of 1 GHz to 20 GHz without the short. There was only slight reduction of 0.14 Ω in 
the impedance up to 15 GHz. At 20 GHz the impedance drops to 46.3 Ω which may 
show that the transmission line is useable up to 15 GHz to 20 GHz. When the short is 
added, the impedance changed drastically. Values ranged from 11 Ω up to 49 Ω. 
Although Chapter 3 discussed how wire could be used as successful transmission lines, 
the data here supports that this thin Au wire caused discontinuities. The transmission or 
S(1,2) plot in Figure 20 shows substantial loss along with peaks at several frequencies. 
Further study is needed to determine if these losses are due to the transmission line or 
bonding wire but the change in impedance from an open to a short measurement points 
to the bonding wire.  
 
 
Figure 20: Transmission coefficient of shorted CPW interface board over a frequency 
range of 1 GHz to 20 GHz 
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 Group delay measurements of the short were also performed and showed peaks 
that were twice the simulated values in Figure 17. If these peaks are caused by the 
transmission line, then a signal traveling along this line would encounter dispersion. 
 
 
Figure 21: Group delay of shorted CPW interface board over a frequency range of 1 
GHz to 20 GHz. 
 
 The CPW transmission line with the contacted GaAs/AlGaAs core/shell 
nanowire was measured using a probe station. The block diagram in Figure 22 gives an 
example of the setup. The coplanar strip line shown in the diagram is an example of how 
the CPS line would be attached to the network analyzer through the interface board if it 
were fabricated successfully with a nanowire. A voltage source that provides the DC 
bias to the nanowire is attached using bias T networks. 
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Figure 22: Block Diagram of CPW chip interfaced using a probe station. DC power 
supply was attached using bias Ts 
 
 An initial current-voltage curve was performed with the nanowire and is shown 
in Figure 23. This demonstrates that a nanowire was attached to the transmission line. 
The linear behavior of the curve shows Schottky behavior which is characteristic of the 
nanowire.  An SEM image in the inset shows that there exists a nanowire bridged cross 
the CPW signal line gap. The equivalent resistance at 5 V for dark and light conditions is 
6 GΩ and 2 GΩ, respectively. These resistances are typical for the core/shell nanowire 
studied in this work. 
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Figure 23: Current-voltage curve of GaAs/AlGaAs core/shell nanowire on CPW 
transmission line. Inset: SEM image of the nanowire contacted to CPW. 
 
 The first set of measurements done on the CPW/nanowire system was under 
illumination at a 0 and 5V bias. The transmittance, S21, shows a significant increase 
while the reflectance, S11, decreases. Clearly, an increase in bias increases the 
conductance across the CPW. At this time, it is unclear if this change is due to the power 
supply or the nanowire but the results show promise that an increase in bias increases 
the conductivity of the nanowire. This behavior is similar to the increase in the 
photoresponse due to an increase in bias discussed in Chapter 4. 
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Figure 24: Transmittance, reflectance and group delay of core/shell nanowire under 
illumination with 0 V and 5V applied dc bias 
 
 A continuous infrared excitation laser pulse is used to help characterize the 
optical behavior of the core/shell nanowire. No observable change occurred but this 
could be due to the response of the probestation masking the nanowire response. As 
discussed previously, the GaAs/AlGaAs core/shell nanowire has a nA photoresponse. 
This response translates to several orders of change between light and dark signal but 
the overall signal remains difficult to measure. The slight change in internal behavior of 
the nanowire may not be large enough to be seen over the large response seen from the 
probe station and other connections. Methods that decouple the nanowire S-parameters 
from the remaining portion of the circuit could allow the components to become 
observable. An example would be the small changes in capacitance (Δ=120 aF/μm) and 
resistance (Δ=8 kΩ/μm) seen by Wallis, et al. of a GaN nanowire decoupled from the 
remaining portion of the test setup and contact. 
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Figure 25: Transmittance, reflectance and group delay of core/shell nanowire under 
dark conditions and under continuous laser excitation with 10V dc bias 
 
 Overall, the results lay the foundation for continued research of GaAs/AlGaAs 
core/shell nanowires.  The current-voltage curves and dc bias dependency demonstrates 
a nanowire has been contacted to the CPW and provides a measurable photoresponse. 
The recorded S-parameters from 1 GHz to 20 GHz demonstrated behavior related to the 
conductance of the nanowire at different biases. The peaks and oscillations of the S-
parameter output are most likely due to the frequency limits of the final setup. As 
shown in the block diagram in Figure 22, the probe station is limited to 1 GHz and the 
bias T to 4.5 GHz. Improving the interface board and using higher frequency bias T 
networks will provide cleaner input that can be used. An S-parameter decoupling 
technique is also needed to obtain distinguishable results from light and laser 
illumination conditions.   
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CHAPTER 6: CONCLUSSION 
 High-speed measurements from DC to THz frequencies require several different 
fields of study. This work has combined these fields to achieve high-speed 
characteristics of electronic devices. Fabrication techniques for micron size structures, 
high-speed nanowire device behaviors and RF to THz design and test setups were 
covered. Although combining these fields is complex, this work provides for future 
research using electro-optic sampling, THz time-domain spectroscopy and conventional 
microwave testing. 
 The high-speed behaviors of the core/shell nanowire devices fall into the in THz 
domain. To measure these signals, transmission lines that considered the wave nature of 
signals were designed using coplanar stripline structures. Careful understanding of 
dispersion, attenuation, impedance and reflections was achieved through the use of 
semi-empirical formulas, simulation and measurement with a network analyzer.  
  Numerous fabrication runs revealed the difficult nature of producing large 
transmission line contacts on nanowires. For some aspects of the work here, several of 
the design specifications of the transmission lines were relaxed to ease these fabrication 
difficulties. A CPW was then designed and fabricated using a unique technique with 
negative resist. Furthermore, an interface board using a CPW was designed and 
fabricated which allowed nanowire devices to connect with a network analyzer.  
 A network analyzer showed the dc bias and illumination dependencies of 
GaAs/AlGaAs core/shell nanowire devices in our initial tests. This testing was a proof of 
concept that provided the foundation for future high-speed experiments. The results 
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showed promise as some of the dependencies were visible in the network analyzer 
output while obstacles remain to be in future work. Measurements of the transmission 
lines were also performed to observe the degree they would alter the photoresponse of a 
contacted device. Further work can now be performed that acquires a deeper 
understanding of high-speed device behaviors. 
 Using the designs and fabrication techniques presented, a path to the 
investigation of high speed optical and electronic characteristics of nanowires and 
possible other nanostructures is now in place. The methods presented create a solid base 
to test a variety of properties in a variety of device configurations including optical 
detectors, high speed circuit elements (such as the negative differential resistor 
mentioned previously), transistors and many other electronic components. The value 
may also extend to typically DC devices by allowing researchers to better understand 
carrier dynamics within the devices, thereby increasing their ability to optimize 
materials for high performance applications. 
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